Abslrmt-Statistical properties of generalized Rice multipath fading channels are studied. A closed-form expression for the probability density function (PDF) of the phase process is derived first. Second order statistics, in the form of the level-crossing rate (LCR) and the average duration of fades (ADF), are then investigated for an arbitrary cmssing level of the fading amplitude. Additionally, it is shown that the generalized Rice model yields a good fining to available measurement data on mobile satellite channels in the case of an environment with tight shadowing.
I . INTRODUCTION Rayleigh and Rice processes are the most widely used models in the statistical description of the behavior of small scale fading in multipath propagation channels [I] , [21, [31. These processes are generated by using two uncorrelated Gaussian processes having identical variances. In order to increase the flexibility of these classical models, so that they enable a better statistical fitting to real-world mobile fading channels, modifications of the these models have been studied in [4] , [21, where the Gaussian processes describing the models are allowed to be cross correlated. In [21, it was shown that such extended models allow a better description of real-world mobile fading channels.
Another possibility enabling the extension of the classical Rayleigh and Rice models, while keeping the basic concept used for their generation, is to assume that the underlying Gaussian processes can have different variances. Accordingly, The remainder of the paper is organized as follows. The analytical generalized Rice model is described in Section 11. Section 111 contains the derivation of the PDF of the phase process, the LCR and the ADF. Comparison of the derived statistics to corresponding measurement data is reported in Section IV. Finally, Section V contains the conclusion of the papa.
THE GENERALIZED RICE FADING MODEL
The complex envelope of a received signal in a generalized Rice fading environment is described by the complex Gaussian process given by
where A is the amplitude and 00 is a constant phase shift of the LOS component, while p l ( t ) and p 2 ( t ) are uncorrelated zero mean real-valued lowpass Gaussian processes having the variances U: and U; (U: # U;), respectively. The amplitude, R(t), of the generalized Rice fading process is then obtained as the modulus of p ( t ) according to as R(t) = IAexp(j00) + p l ( t ) +jp&)I = , / ( A~o s 0~ + p l ( t ) ) 2 + ( A s i n B o + p 2 ( t ) ) 2 .
( 2) It is wonh mentioning that the assumption of having different mean values for the in-phase and quadrature components of the Gaussian process defined by ( I ) can be explained by the non-zero value of the phase shift Bo. Similarly as for the Rice channel, the generalized Rice factor is defined as [91
(3)
The phase variation, which is imponant to the study of coherent communication systems, is described by the phase process d ( t ) = arg(p(t)) according to
The derivation of the PDF of d ( t ) as well as the study of the second order statistics of R(t) will be the topic of the next section.
THE STATISTICS OF THE GENERALIZED RICE MODEL
The derivation of the first and second order statistics of the generalized Rice model requires first the investigation of the joint PDF (JPDF), pRkB4(i, t, 0, j), of the processes R(t) and
Q ( t ) and their time derivatives k(t) and d ( t ) , respectively.
This JPDF can he obtained from the multivariate Gaussian distribution of the processes p l ( t ) , p2(t), f i l ( t ) and bT(t) at the same time t. Here i l ( t ) and fi2(l) are the time derivatives of the processes p l ( t ) and w 2 ( t ) , respectively. In the case of processes p,(t) (i = 1,2) with symmetrical Doppler power spectral densities, the JPDF of the Gaussian processes p1 (t), where z 2 0, --oo < t i cu, -V I B < r, and -m < 4 < w. The first and second order statistical properties can now be derived from (7).
A. First order statistics
The PDF of R(t), P R ( Z ) , is obtained from (7) according to Similarly, the PDF of the phase process rl(t), pB(B), can he derived hy solving the integrals over the joint PDF pRda, i(z, i , #, 8) Fig. 2. 
This yields the following known expression for P R ( Z ) [7],
zrr m cm [SI exp [-2'h(S) + Azg(Bo,B)] d8(9)
B. Second order statistics
The second order statistics, given by the LCR and the ADF, describe the correlation properties of the fading channel. where p R~ (~, i ) is the joint PDF of R(t) and its time derivative R(t) at the same time and at the level i = T . This quantity is obtained from (7) as
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It can be seen that p,k(z, i) # p~ ( z ) . p R ( i ) , and therefore R(t) and k(t) are statistically dependent. This property was also noted for the Hoyt process [6] and results from the fact that a1 # u2. Now, substituting (15) in (14) 
20;
The ADF, TR-(T), can be computed according to [IO] (17) In the next section, the fitting of the statistics of the model to available measurement data is studied.
IV. APPLICATION OF THE GENERALIZED RlCE MODEL
The statistical parameters characterizing the generalized Rice fading model are optimized in such a sense that the first and second order statistics approximate corresponding measured statistics of mobile satellite channels for a light shadowing environment [18] . We consider, in this paper, the Clarke's isotropic scattering model [IO] . In this case, pi = Z(?ru, fmaZ,)' (i = 1,2), where fmar, is the maximum Doppler frequency of the Gaussian process p i ( t ) (i = 1,2). In other words, we assume different maximum Doppler frequencies fmoz, and fmaz, for the Gaussian processes p l ( t ) and p2 ( t ) , respectively. Although, the underlying assumption lacks For completeness, we should add that the generalized Rice fading model is convenient for, for example, simulation 'studies. In fact, the well known filter method and the concept of deterministic channel modeling [21 can he directly applied to simulate the envelope fading R(t) and the phase process 29 (t).
V. CONCLUSION
In this paper, first and second order statistics of the generalized Rice fading channel model have been derived. The derived quantities are fined to published measurement data on mobile satellite channels for the case of an environment with light shadowing. Close agreement between the theoretical expressions and the measurement data is obtained. This allows to conclude that the generalized Rice model can he applied to the description of realistic mobile satellite channels. Among the advantages of the underlying model is the simplicity of its simulation by using the classical filter method or the concept of deterministic channel modeling. 
